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(1 STATEMENT OF THE PROBLEM

A study of chain dynamics in the solid state of the high impact resistent
polvcarbonate of bisphenol-A and structural analogucs is carried out using nuclear
magnetic resonance methods. The object is to quantitatively characterize both
the structural geometrv and the ecnergetics of local motions occurring in these
glassy polyvmers. It is the beliet that only through a detailed knowledge of the
solid state dynamics can one establish the structural origin of the bulk proper-
ties of these matecials. [t is important that such a study yield a direct
connectinn ton the dynamical mechanical properties which form the basis for
characterization of high impact materials. One of the first quantitative
demonstrations of this connection is noted in this study.

The selection of NMR to probe structure and dynamics in the solid state is
well established and the present study focuses on both lineshape and relaxation
Ltime analysis using both carbon-13 and deuterium as probes. The study clearly
reveals the strengths and weaknesses of the various NMR approaches. It is
demonstrated that an extensive data base is desirable in order to provide
convincing conclusions. It is important that the structural geometry of the
motions be inferred directly and lineshape collapse has this capability. It is
also essential that a range of measurements selectively sensitive to different
dynamical rates be used. A combination of lincshape collapse and relaxation times
(Tl and I]p) offers a motional probe from 1O3 to lO8 soc-l. Further, the use of
isotopic labelling of specific backbone sites on the polymer is shown to greatly
facilitate analvsis in cases where the dynamics is a combination of more than
one motional process., The utility of relaxation studies of polymer dynamics in
colution on the same or similar molecular systems can be evaluated.

It was also a gnal of this study to relate the specific motions observed by
NMR to more traditional relaxation experiments on polvmers such as dielectric and
mechanical responsse., An interpretation incorporating a wide variety of dynamic
information was hoped to provide insight into the ultimate bulk property of impact

resistance.
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(2) SUMMARY OF MOST IMPORTANT RESULTS

The major thrust of the work has been a detailed characterization of the
local chain dynamics in the polycarbonate of bisphenol-A. This has been
accomplished with the determination of both the structural details of the motion,
the nature of the energetics and the relationship of the motions to the general
dynamic properties which characterize the material.

Carbon-13 chemical shift anisotropy (CSA) lineshape analysis on 13C enriched
BPA polycarbonates has definitively characterized the geometry of the phenylene
group motion as a combination of 1 flips and restricted rotation. The n flip rate
is found to lie »n a relaxation map containing the T1 and Tlp minima, dielectric
loss maxima and dynamic¢ mechanical loss maxima. This broad sampling of dynamics
(over eight decades in rate) yields a very convincing quantitative picture. Certain
conclusions are immediately apparent:

1. Activation energies obtained assuming a single exponential correlation
function and measurements over a limited rate range are inaccurate and generally low.

2. Activation parameters derived using a relaxation map and a non-exponential
correlation function approach yield more realisitc values for motion in the solid
state.

3. A fractional exponential correlation function quantitatively incorporates
all of the data including die! ctric and mechanical relaxation. This implies a
complex or heterogeneous rate and a common underl!ving dvnamic process responsible
for all the relaxation phenomena.

A structural model has been proposcd to account for all the otserved relaxa-
tion phenomena and to provide a connection to the observation of high impact
resistance. [t consists of a cis/trans to trans/trans carbonate conformational
interchange leading to a correlated backbone motion which is coupled to the local
phenylene n flip. This motion i« diffusional in -haracter thus providing a
mechanism for the rapid release of stress over macrescnpic distances.  The

fractional exponent (g = .18) used in the correlation function quantifies the
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3.

complex character of the rate process and indicates motional timescales extending
over five decades. This type of behavior is undoubtedly common for solid state
kinetics in miacromolecular svstems. 1t can be interpreted as arising from a distri-
bution of rates throughout the material (the inhomogeneous case) or from an inherent
nonexponential character in a single rate process, possibly arising from the
cooperative nature of the dynamics (the homogeneous case).

A model has also been devised (The Simultaneous Model) for the treatment of
multi-site exchange processes involving the collapse of solid NMR lineshapes. The
method is applicable to both CSA and Quadrupolar lineshape collapse, and is easily
computerized for cases involving more than one kinetic process simultaneously
contributing to line narrowing. The model introduces a distributional character
to conformational interchanges which is physically desirable.

In addition, polycarbonate and polyformal polymer in solution have been
investigated using both 13C and ZH as NMR probes, the detailed local chain dynamics
can again be characterized using correlation function approaches based on models
for both segmental and local conformational events. The results can be compared
with the information obtained from solid state analysis and activation energies
compare favorably with those obtained from the fractional correlation function
analysis for the microscopic intramolecular process in the absence of coupling to
the glass, In many instances it is c¢lear that knowledge previously derived from
dvnamic studies in dissotived polymers forms a basis for the simulations used to
analyze the solid state spectra.

The full details of these remarks are contained in the appendix which is

a compilation of the publications resulting from the project,
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"0 NAR AND MACROMOPFCLLES

in the form of nonlinear behavior when the return of the magne-
tization was ploteted in the standard from In(Am—Az) versus 1. The
presence ot cross-relaxation in the proton data was turther check-
ed by comparing the phenvl proton Ty In the partially deuterated
analogue with the phenyl T in the fully protonated polvmer. The
phenyl proton Ty is about 10X longer in the deuterated polvmer in-
dicating a small amount of crouss—-relaxation thouygh the 10% change
is essentially the same as the experimental uncertainty. A 10%
uncertainty is placed on all T; values, reflecting error contribu-
tions from concentration, temperature and pulse widths as well as
rindom fluctuations in intensity. Table I contains proton and
carhon-13 T)'s as a function of temperature and lLarmor frequency.

Interpretation

The standard relationships between Tp's and spectral densities J's
are employed. For carbon-13, the expressions are (4)

I/Tp = Wog + 2W)c + W

Wy = ZYcz‘r;{thJl(uu)/lﬂrj(’

j (1a)
wIC = :.:3‘7c‘?‘yH*)h‘).il(mc)/l-'di)rjb
]

Wy = D3yt lurgh
J

w() T Wy T ong “9 = wy + we
and for protons it is

LTy = 203/8)y4hr =0 [(2/15) 0 (wy) + (B/15)02(2uy)) (1b)
J

The internuclear distances emploved are 1.095 & for the phenyl C-H
distance, 1,125 & for the formal C-H distance, 2.4 A for the 2-3
phenyl proton distance, and 1.75 & for the formal proton - proton
distance. The 2-3 phenyl proton distance used here is comparable
to the distance of 2,41 % used in the polycarbonate interpreta-
tions. The cholce of 2.4 & {s based on the phenyl proton T| mini-
aum and the slightly smaller value is contirmed by a larger Pake
donhlet splitting observed in the solid state spectrum of the
phenyl protons in the partially deuterated analogue ([0),
Expressions for the spectral density can be doveT;ped from
models for local motion {n randomly c¢oiled chains. Two general
tvpes of local motion will be considered, and they are segmental
mation and anisotropic rotation.  Seumental motion itself will be
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Sk NATR AND MACROMOTECUTTES

Spin relaxation in dilute solution has been emploved to charac-
terize local chain motion in several polvmers with aromatic hack-
hone units,  The two peneral tvpes examined so far are polvphen=
vlene oxides (1-2) and aromatic polvearbenates (-3); and these
two types are The most common high impact resistant engineering
plastics. The polvmer considered in this report is an aromatic
polviormal (see Fijgure 1) where the aromatic unit is identical to
that of one ot the polvcarbonates. This polvmer has a similar dy-
namic mechanical spectrum to the impact resistant palvearbo-

nates () and is therefore an interesting svstem for comparison of
chaln d;namics.

In addition, the formal unit itself ofters a new opportunity
for monitoring chain motion relative to the polvearbonates since
the carbonate unit contains no prutons. The spin-lattice relaxa-
tion times, T;'s of all protons and all carvons with directly
bonded protons are reported for the polviormal. Also the carbon
and proton Ty's are measured at two difterent Larmor treguencies
to expand the frequency range covered by the study.

In addition to determining the time scales for several local
motions in polyformal, two different interpretational models for
segmental motion will be emploved, An older model by Jones and
Stockmaver (7), based on the action of a three bond iump on a
tetrahedral lattice is compared with a it «w uodel by weber and Hel-
tand (8), based on computer simulations ot polvethvlene tvpe
chains. These two models for segmental motion kave been compared
betrore (9) for two polycarbonates but <omewhat difterent results
are seen in the polvtormal interpretation.

Experimental

High molecular weight samples of the polviormal were kindly sup-
plied by General Electric. The structure ot the repeat unit is
shown in Figure 1 as well as the structure of a partially deuter-
ated form which was svathesized (9) to reduce proton cross-
relaxation, A 10 weight percent Solution of the polvmer in deu=~
terated tetrachloroethane was preparced in an NMR tube, subjected
to five treeze, pump, thaw cvceies and seaied,

Spin lattice relaxation medasurvaents were conducted on two
spectrometers with a standard s=i~-/2 pulse scquence.  The 30 and
Yor MHe proton measurements as well as the 2.6 MH2 carhon-13 meas-
urements were made on g Bruker SXP Jo-lop, The 50 MHe proton and
Al carbon-l3 measutements were made on a4 Bruxer wWM=250,

Rewnlts

Spin Tattice relaxation times are calvuiated from the return of
the maypmetization to eguilibriam using a4 linear and non-linear
Teast squares analysis of the data, The two analvses vield T
values within (0% of each other and aver gie values are reported.
Nooevideaoe of cross-relaxation or cross-correlation were obscrved
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Spin Relaxation and L.ocal Motion in a Dissolved
Aromatic Polyformal

MOEOIARPEY Y Y FINCand AL AN ANTHONY TONES

Teppson baboratony, Department of Chemistey, Clark Universiny, Woreester, M A 01610

PTINGLERIELD
Department ot Chemistin, College of the Holv Cross, Worcester, MA 01610

Carbon=13 and proton spin-lattice relaxation times are
reported for [0 wt¥ solutions of a dissolved aromatic
polvformal., The relaxation times tor both nuclei were
determined at two Larmor freguencies and as a function
of temperature from O to 120°C,  These relaxation
times are interpreted in terms of seomental motion and
anisotropic internal rotation. Soomental correlation
functions by both Jones and Stocemaver, and wWeber and
Helfaond were used to interpret the data,  Internal ro-
tition is described by the usual wWoessner approach,
and restricted rotational dittusion, by the cronski
ipproach, Both sevmental correlation tunctions lead
to simibar results; bat, relative to the analogous
polyearbonate, single bond conformational transitions
are moare trequent in the polvtormal,  The phenyl
Aroups in the backbone underso seomental rearrange-
nents and internal anisotropic rotation at comparable
rates.  Motion in the tormal linkace is described by

the sime seymental correlation times plus restricted
rotational ditfusion about an axis hetween the oxvoens
of the tormal group. The interpretation at the tormal
link based on restricted rotational dittusion is dis-
cussed in terms of the confourmaticns lincly In the
link which are commonly reterred t» as the anomeric
vftect, The chaice of the axis of restricted rotation
in the tormal unit is only an approximaition of the re-
~ult ot anisotropic simple bond contormiational transi-
tions occurring within that unit,
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Thus in a chain of OCH, units, polyoxymethylene, it would not be
possible to separate segmental motion from restricted aniso-
tropic rotation in thc same way. Even the attempt made here
rests on a limited data base und crude models though the data
base is fairly extensive by current standards as is the sonhis-
tication of the models.
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Tabie 1: Experimental and Simulated T)'s for the Polyfornal
as a 10 Weight Percent Solution in C,D Cl4

| rhenyl proton(a) | Phenvl Carbon(@d) :
T ll(ms) T, (ms)
(°C) exp/sim exp/bxm
o [TBymERT TR 6419 TRAR] 228 s
6 | 548/540) 153,/167 | 137/132 72/79 ‘
|22 5 499 /500 ' 1897189 174/160 106/109 !
,
40 ' 5227500 | 274/274 | 221/206 | 145/158 {
60 ! 623/592 | 132/432 | 329/350 | 349/316
sa'; 794,784 553/553 | 448,445 | 44B/405
109 ’ 1168, 1102 | 762/771 | 6313/655 | 679/612
120 i 141171396 | 935,049 | 7;,1,/814J 727/758
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sees trivial since NT) for rthe formal carbon 15 the same a3 Ny
for the protonated phonyl carhon. Howevcr the phenyl carbon
T,'S are interpreted Lotil in teraws ol a segnm-ontal motion cad a
p%enyl group rotation. Thus the formal group must enjoy adli-
tional! motions beyond those characterized as seymental mntiong
based on the prhenyl proton relazation.

Several motions were modelled to try to account for proton
and carbon-13 at the formal position. Filrst we assumed that
whatever seguental motions occurred at the large phenyl groups
also involved the foramal group. No physically relevant model
was chosen here, but only the | -sition that the seqgmental
motions involving the phenvl groups w~sul. also involve tie for-
mal group.

To account for the observed Ty's some additional motion
must occur. First anisotropic rotation about the OC bond in the
0CH 50 unit was considered but this did n2t account for thce ob-
served data. The second approach was to allow anisotropic rota-
tion or restricted anisotropic rotation abouc the 00 axis in the
OCH,0 unit. The restricted rotation accounts for the data from
0° to 60° better than complete rotation although a fairly large
angle for restricted diffusion results. At 80°, the best simu-
lation of that is achieved when complete anisotropic rotation
about the 00 axis 1s allowed. The Gronski approach6"7 is used
to describe restricted rotatioa thoagh other models could bhe
considered. In Table II, the column labeled sim 1 refers to re-
stricted aniscirvopic rotation and wim 2 rifers to ccmplete an-

sotropic rotation via stochastic 4.ffuslon. Note again, at B80°
tne ontinman anjgle of restriction 135 350° which corresponds to
conplete anisHotropic votation. The diffusion constant for the
restricted case is D and the correlation time for the complete
rotatinn cas> i3

ir
‘irf-

Ahove 80"C, no interpretation or the formal relaxation was
parsded since the extreame narrouwing limit 1s nearly achieved.
Beteer Teasarernents over a wider frequency vange will be made
nelore this aspect is completed.

Conzclusions

The description of motion developed on the basis of the
spin relaxation for the phenyl group 1s similar to the earlier
studies of polycaruonates. Phenyl drcup rotation is slower in
the formal re=lative to the analojous polycarbonate. This dif-
ference in phenyl group rotation ¢ also seen in the solid
carbon-13 majic angle sample spinning spectra which show a dou-
blet in the polyformal and a ginglet in the polycarbonate for
the protonatd phenyl carbon at room temperature. No evidence
for restricted phenyl group rotation is observed in solution.

Th: formal group is best interpreted thus far by segmental
motion plus anisotropic restricted rotational diffusion about
the 00 axis of the HCHHOY unit. The angle over which restricted
diffusion occurs increascs with temperature while the diffusion
constant remaias relatively coastant. The presence of a re-
stricted rotation in a chain backbone is an interesting phenone-
non 1f the :data and morlelling are to be believed. Without the
presence of an internuclear intcraction parallel to the chain
backbone provided by th phenyl protons, the distinction between
segmental wotion yielding overall isotropic relaxation and sone
sort of p ial aniso!vopls tatatiog sould not have becen made.
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to remove cross relaxation between the phenyl protons and the
formal protons. By comparison to the polycarbonates studied
eariicr, the vreplacement of the carbonate unit by the formal
anit, gives nore positions for NMK relaxation stuldy. The addi-
tional data gainod from the formal protons and formal carbon are
the basis for some new insights into chain dynamics.

Expevrimental Results

High molecular weight polyforwal of 1,l-dichloro-2,2 bis(4-
hydroxy phenvllethvlene was used to prepare 10 weight percent
solutions of polymer in C,D,Cl . This polymer was kindly sup-
plied by Genecal Electric, Rescearch and Development Center.
Carbon-13 spin-lattice velaxation times, T;'s wcre measured at
22.6 Miz in 1 Bruker 3Xp 20-100 and at 62.9 Mliz in a Bruker wH
250. Only wvalues for protonated carbons acse reported in Table
I, and the tvo protonated phenyl carbons have the same T) which
i¢ reportad. Proton Tp's were aneasurad at 30 and 90 MHz in the
S¥e; and at 250 MHz, in the WM 250. Measureients were made as a
function of tcmperature over the range of 0 to 120°C and all re-
sulZs are included in Table 1I.

Internrelation

A prelimlinary scan of the data in Table I shows that from 0
to 530°C, the oxtreme narrowing limit is not achieved., Above
30¢C, the extreme narrowing limit 1s approximately in effect
which results in less information content at the higher tempera-
tvre, The NIy rule is aiso nearly valid when comparing the phe-
avl carbon data (N=1) with the formal carbon data (N=2).

The phenyl proton and carbon-13 data are interpreted in the
cam:s marner as reported for the studics of polycarhonate’s.5 The
Lhenyl group 15 considered to under:o two general types of mo-
t:on: s2gmental rearrangements ancd phenyl group rotation. Seg-
rentoal motion resultisg tron chang:ss in the directinn of the
anits composing the backboae is assumed to follow a correlation
fanction 2f the {orm developed by considering 3 bond jumps on a
setrahedral lattice with a sharp cutoff of coupling. Phenyl
groud ratation is described by stochastic diffusion about the
Cl\j1 RL1S,

™y Ccharacterize segmentai motion the phenyl proton data are
cunsitdered tirst, In the partially deouterated form, the phenyld
proLtons celax by a dipsle-dipols interaction between the 2 and 3
phenyl orotons. pavallel to the C,C4 axis. Therefore, phenyl
proton relaxation results only riom seynental motion and is un-
affected Ly the presence or absence of phenyl group rotation,
Phenyl grosp rotation can be deteocted in the phenyl carbon data
by checkiny [ur a change in relaxation (rom that predicted by
the descrigtion of segniental maticon developed from the proton
data.® 1In the polyformal, there 15 avidence for moderately fac-
ile ohenyl grourn rotation, Correlation times 1y, for segmental
motion and correlation times for phenyl group rotation 1., are
shown 1n Table II. However, relative to similar polycaréohates,
phenyl group ratation is 2 to 5 times slower,

1f motion at the formal group is aow considered, some in-
teresting new aspects arvise. It should be remembored, that
there are no cohmparable data in the polycarbonates since there
are nd protons or carbons with directly bonded protons in th2
carbonate ' nkage. At fivet glance, the formal group motion
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SPIN RELAXATION AND INCAL MOTION 1IN A DIGLOLVED ARWGMETLIL [OLY-
FORMAI. M.F. Tarpey, V.-Y Liao a~d ALA. uon\f Jevpson Labora-
tory, Ttepartment of Cheml:lry, Clark Univers iy, Worcecter,

MA 01610. P.T. Inglefielc. Ueportment of Chemistry, Coileqge of
the Holy Cross, Worcer.er, Ma 01510.

Introduction

The introduction of commercial i1astruments for solution
carbon-13 NMR over a decade agc spurrad many studies of chain
dynamics in dissolved marrcomolecules:., The power of NMR as a
technique for prohing riotion lies within its ability to monitor
several positions within a repeat unit. 7This allows for dis-
tingulis-in) several types of local motion based on the repeat
anit gecmetry and the positioa of the carbon-13 nuclei being
nrobed, The limication of N4R as a vrobe of dynamigs_followed
from the restricied frequency range daually studied.<” Moct
MR ostudiles were based on data at one or two {requencies while,
for exampl~, dielectric relaxation measurcments are made over at
ieast a decalde or two of frequency.® In NMR, the lack of dynan-
ic infurmation over a reasonable freguency ranje has prevented
the devalopacnt of guantitative distinctions between varicus
madels for cha'n motion,

The avatlabiility of supevconaucting spectrometers at ever
increasing fi2.3 streagths ofiters at teast scme hope of overcom-
ing the l:alted freguency range ot most NMR studies.  These
saperconducting measurcaents would have to be combined with low
f12id, conveaticonal magnet awceasdrene nt"'~“3 and the simultanecus
deteralnation of proton and cavbon-13 relaxation also extends
the fregjuoncy range under consideration.?  The addition of pro-
ton ncasurenci.ts also inoreaso s the aucher of positions being
rrobed thhxn the repeat anit of the polymer chain.

With th> preceding 1deae in mioil. studies of dissolved
pol/zcarbonates lave been uncunday “or several years.®  Here, the
resalts on an aromatic polyforaasl, a ctructural analoy of the
vTarbonates, 13 presented. Tho polyiwr under consideration
the polyformnal of 1,l1-dichloro-2,2 bis (d4-hydroxy phenyl)
wyleae with tne renzat unit structurs
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To obtain cven bLoetter proton rediax-ion da g, a partially dea-
terated anaing was preparaed:
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Figure 1. Y*C chemcal shift anisotropy (CSA) line shapes:

{B1 high-temperature data and simulation based on powder pattern tuncuion,

(A} low-temperature data and stmulation based on powder pattern function;!

[ I — RV Tod $]

0

1 hagh-temperature data and sinulation based on

x flips about the C,C, axis; (D) high-temperature data and simulation based on restnicted rotation about the C,C axis over a 60° range;
{E) high-temperature data and simulation bused on restricted rotation about the C,Cpaxis over a 120° range; (F) high-temperature
data and simulation based on restricted rotation over a 180° range about an axi~ inchned at 70° to C,C, tparallel to the O €O bond
axis): ((3) high-temperature data and simulation based on flips between 0 and 1499 about the C,C,axis; tH) high-temperature data
and simultaion based on C,C, axis = flips plus restricted rotation over a 60° range. The points rep-esent experimental data and the

line the theoretical simulations.
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Figure 2. 'H dipolar line shapes of BPA d, in perdentene-BP A
The paints represent experimental data and the hine the theo-
retical simulations in the high temperature hmit simulation

by 70° from the C,C, axis. This motion would collapse the
Pake splitting in the proton spectrum by 50% rather than
the 10 or less observed.

The CSA line shape itself ruled out restricted rotation
about the ;€  axis, but two remaining possibilities con-
sistent with both the carbon and proton data are » flips
plus restr ted rotation and flips between 0 and 140°. The
first motion seems phvaically plausible; while the second
ts unexpected. it s not inconceivable. In any case, these
line shapes are consistent with the presence of = flips if
considerable re<tricted rotation s also present. This in-
terpretation s an excellent ngreement with the model
presented by Spre<< based on deuterium line shape
measirements [t <hould be noted that this author sug-
pested that the amphitudes of the restricted rotations are
not tdentical for different phenyt groups, and this could
be respansible for the minor discrepancies present in the
stmulations

Acknowledgment.  We are gratetul to Drs P
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Solid-State Carbon and Proton Line Shapes for
the Characterization of Phenvlene Group Motion
in Polvearbonatey

The line shapes obtained from proton, carbon, and
deuterium maguetic resonance have been used to charac:
terize the geometry of motions in ~olid polvmers. including
polvearbonates.! * In polvearbonates, much attention has
focused on the motion of the phenylene groups the first
report of proton line shape data relevant to phenviene
group motion! pointed to some form of rotation or re-
stricted rotation about the (',C, axis as the largest am-
plitude, highest frequency phenvlene group maotion.
However, the proton data are completely insensitive to the
amplitude of the rotation and whether it proceeds by small
steps or large-amplitude (lips.

Variable-temperature carbon-13 magic angle sample
spinning spectra on a related polvmer' are also unable
to define the latter aspects of the pheviene group motion
though Garrowav et al. modeled the motion as = thps about
the (,C, axis. Deuterium line shapes are considerably
more sensitive to the nature of the motion, and Spiess?
concluded that the rotation took place primarily as = {lips
about the C,C, axis. Carbon-proton dipolar rotational
spin-echo line shape experiments by Schaeter” could also
be explained by = flips or alternatively by rotational dif-
fusion restricted to an angular range of about 09,
Schaefer® noted that theoretical simulations in the high-
temperature hmit of deterium or dipoiar line shapes tor
= flips are rather similar to certain choices of restricted
angular diffusion and therefore difficult 1o distininnsh, On
the other hand, a significant difference s predicted in the
chemical shift amisotropy tensor for the two motions, and
this allowed Schaefer to substantiate the presence of «
flips for some phenvl groups in polvstyrene az oryginally
reported by Spress® based on deuterium data.

In this communication, we report the chemical shift
anisotropy (OSA) hine shape for a phenyl carbon in poly-
carbonate in the low-temperature limit at 160 °C and in
the high-temperature limit which persists over a ranye of
about 100 °C below T, These spectra, shown in Figure
[, were obtained un a carbon- 13 {abeled polvearbonate of
bisphenol A where 40 of one of the two carbonsin the
phenviene group ortho to the carbonate are 1sctopically
enriched. Either a simple = 2 pulse or cross pelarization

fallowed by proton dipolar decouphing was found to vield
adequate CSA spectra below T At low temperatures, the
CSA spectrum 1= dhstinetly asvmmetric, which allows for
a more definitive characterization of dvnanues than either
deuterium or dipolar line shapes, which are essentially
axtally ssmmetric. Indeed as shown in Figure 1, the at-
tempts to simulate the high-temperature Liont,”” which s
nearly axtally svmmetrie, clearly distinguishes by fveen
farrlv large-amphtade restricted rotationa! diffu<ion ind
r flip~. The <imulations utilize the principad values of the
».hw](]mg tensor oheerved at low temperatures oy, = 17,
a= 02 a = 105 ppmoon the S sealer and assumes Ih(‘
orientation of the princinal axes reported for henvene,

The chemucal shitt tencor i the principal asis svstem oy

[LININE ORI D R RO RSN E IPETA I}
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can be transformed with the appropriate matrix, R, to a
desired molecular axis svatem (o, 0 where the x axis is
seiected as the axis of rotation. o, = Re, . RY Rotation
about the vaxis by an ande cooves - o = Roo L R,
and the OSA hine shape corre ~punmn;a to either thps or
restricted rotation about this axas are then generated.
Besides = thps having o siimticantiv different shape from
restncted rotation. neither replicates the observed high-
temperature it thoueh = flips are close to the general
shape, It = fhips are combaned with tarly large-amphtude
restricted rotation (607, the ohserved bigh-temperature
hmit is qunte well simulated.

Certam ather processes also simulate the high-temper-
ature hmt. For istance, both thps between (0 and 140°
about the C.Caxis and restricted rotation about an axis
mchmed at 70° produce reasonacle replications of the ob-
served spectrum. The maximum of the CSA Line shape
in the 70° axis rotation spectram is shightly displaced trom
the observed peak. but this shape can be definitively ruled
out by constdening the proten dipolar line shape.

As mentioned, proton dipolar Iine shapes for the phe-
nvlene protons i the polvearbonate of 1.1 -dichloro-2.2-
bisct-hvdroxyvphenvbethviene (chioral) have been re-
ported. Since this polvmer contains onlv phenvlene
protons with one mawor mtramolecular dipole - dipole in-
teraction paraiiel to the chain backbone, the persister o
of this imteraction at hich tempersture nnphes motions
that do not sionhicantiy reortent tne C.C, axis.' The
stmplest motion meeting this regiirement 1s some form
ot rotation about that axis though rotations about a parallel
axis are alse possible candidates

To pertorm the anaiogous proton dipolar experiment on
BEA G- just discissed tor the chieral polvearbonate. it was
necessary to deuterate the methyvl groups 1o produce
HEA-G L Adevel of 957% deuteration of the methyl groups
waz achieved while retaming 4% of the protons in the
phenvliene group

To obtam the hest possible spectrum of the Pake
splitting. BPA-d, was dissolved in perdeuterio-BPA to
ohtain the spectra shown in Figure 2. Here, the Pake line
~hape s apparent because of reduced intermolecular di-
pole dipole interactions. The center spike in this spectrum
arses from residual protons of the perdeuterio-BPA, which
constitutes 5% ot the sumple by weight and has 2%
residual protons. The residual protons in BPA-dg and
perdeuterioe- BPA were determimed from proton and deu-
termum spectra of the dissolved polvniers, and the simu-
Iations i Frgure 20 speafically the intensity of the center
spike, ure consstent wath the known level of residual
protons .

The Pake sphtting can be derermaned from simulations
of the spectra i Furure 0 v telding a Pake pattern with
either Gausstan or Lerontoan broadening - A decrease of
10t in the Pake spitting trom the low-temperature limit
to the high tereperature im0 indhicated by the simula-
tion, but thes ~mall decrease s comparable 1o the uncer-
tamty in the simulation. A 109 decrease could reflect the
presence of some wehble of the C.C, axis, and such a
wobible has been reported by Schiaeter based upon car-
ban pruu-n dipalar rotational span echo hine shapes of the
methvl carbons i BPAD The poraratence of the Pake
sphittng does aliow for tha reiecnion of one of the CSA line
Shape simulations, namely, rotation shout an axas inchined
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The angle A (s between the internuclear vector and the axis of
internal rotation.

The

three bond jump seprmer:al motion description can also be

combined with a description of restricted anisotropic rotational
diftfusfon (13-14). In tnis case, the composite spectral density
equation is

whers _

s ’
1o(e ) = 206 L +
i K T
I + . <1
k=] { ko
27 Fl(1 - cos 2)2 + sin? L) Tk +
: T
L= 1 + o, % Tko*
i
1z l{!I - cosle =~ nn)] + [1 - cos(x + nn)]‘[2 +
2 n=) (1 -1 (1 + By
£ X
{sin(n - n1) , osin(4 + nn)12; Tnk0 } + (3)
_ nn) an ’ 21 2
(1 — (1 + :_) 1 + wy Ak
‘ET 1i [(1 = cos 2¢)¢ + ginl 2&].____1£g_____ +
24¢ 2 1 + mi‘ Tka
T ([l = cos(2d = nm)] + {1 ~ cos(21 + nv)]}2 +
t
n=1 (2 - %) (2 +01)
3 '3
(sin(2¢ - nm) 4 sin(2i + n“)fzj Tnk( [
> - nm) > nn 2t 2
(2 - (2 + L_) 1 + wy nk0
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The new piarameters tor restricted anisotropic rotat ' ~al diffusion
are the acoalar piritude owver wrich rotation diffusion ocours, i,
and the rotational Jdittusion ¢ o0 cant for restricted anisotropic

rotational dittusion, ijp.

A seoond descriptiog o seamental motion can be combined with
the various tyvpes of internal anisotropic internal rotation,
Wober and Heltand (-5 characterize segmental motion 1n terms of a
correlatiom time tor single conformational transiiions, 1, and a
correiation time for cooperative contarmational transi:ioﬁs, ).
This medel nhas been applied to auclear spin relaxation before (5)
and e form of the spectral density for a compousite segmental -
Aotion and anisotropic internal rotation is written

M) = AT Ca, s ) BT iR Ty Ty wg) 2 SlieCiens Ty wg)
A= (3 cosS L o- 11/4

B = 3 (sin2 2:)74 )

C S{Sin4 Y

tor stochastic ditrusion

tor a4 taree ooad lanp

THe B . . = . i 3] as P vi ) i
The tara of Ty, Jjy and Ji. is the same as JIJ given be.ow with

i replaced by g, Tpp and 1. Tespectively.

L2 2 ~l/4
'x;(‘i) = _‘1[(10'))([0‘l + 211'1) - wi-] *[3(Tu-] + r1—]“i” }

x cos 142 arctan(l(ru'l + zl‘l)ui’t“_l(xo"l + 211‘1) - uizl

[his fesoriptinn of segmeatal motion can also be combined with
restricted anisotropic rotational diftasion
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To apply the models to the interpretuation ot the data, the
approach developed tor the polvcarbonates will be followed. The
pheny) proton Ty's are interpreted tirst in terms of segmental
motion. For these protons, the dipole-dipole interaction is
parallel to the chain backbone and therefore relaxed only by seg-
mental motion, 1In the three bond jump model the parameters 1y and
m are adjusted to account for phenyl proton data, and in rhe
Weber-Helfand model the parameters 1 and 1) are adjusted. Table
11 contains the three bond jump parameters, and Table III, the
Weber-Helfand model parameters. Both models can simulate the data
within 10% which is equivalent to the experimental error.

Phenyl group rotation can be characterized from the phenyl
carbon T}'s by assuming the seymental description developed from
the proton data (5). Either segmental model can be used, and the
corresponding correlation times for internal rotation of the phe-
nyl group by stochastic diffusion, zirp's, are displayed in Table
II and Table IIl. Again both approaches match the observed
carbon-13 data within the 10%Z uncertainty.

Table II: Phenyl Group Motion Simulation Parameters Using the
Three Bond Jump Model

°c o Ty (ns) tirE (ns)
0 1 2.69 1.85
20 1 1.30 1.19
L0 1 .79 0.73
nh() 1 .49 0.299
80 3 0.180 0.247
100 5 1. 180 0.192
120 7 (1,149 0.145
Eal kJ/lee) 30 2
1w x 1014 () .59 30
Correlation Coefficient N.99 0.99
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Table ILL:  Phenyl Group Motion Simuiation Parameters Using the

weber=Heltand Model

_°c 1 (ns) 1y (ns) Tirp (ns)
U 3.8 6.1 2.15
20 1.89 3.7 1.15
41) 1.9 2434 0.72
60 0.49 2.00) 0.280
80 0.259 1.99 0.240
00 0.142 1.36 0.170
1.0 0.070 1.70 0.150
E,( kd/mole) 30 9 ) 21
1w x 1014 (s) 1.04 97 % 10?2 20
Correlation
Coefficient 0.99 U.94% 0.99

Now the interpretation diverges from the polvcarbonate pat-
tern as the formal group is considered. As mentioned, the struc-
tural analogue to the formal group in the polycarbonate is the
carbondte ygroup, and the latter cannot be directly studied by so-
lution spin relaxation studies since it has no directly bonded
protons. [f the formal s tirst viewed independently trom the
phenyl group ‘ata, one micht attenpt to emplov scgmental motion
descriptions alone since the formal group lies in the backbone.
Pursuing this approach, hoth the three bond jump and the Weber-
Helfand models were applied to simulate the proton and carbon-13
data in Table [, Neither model is able to account for the data,
with systemdtic discrepancies up to 707 in both attempts. The
largest discrepancies occur at low temperatures with only somewhat
better simulations possible at higher teamperatures.

In one sense it is reassuring to determine that models for
segmental motion cannot account tor all data sets. On the other
hand, it is still desirable to develop some description of motion
which will account for the data at hand, since the ftailure to sim-
ulate implies some potentially ionteresting informational content.
The successtul phenyl group interpretation can assist the effort
to account for the formal data. The segmental motion descriptions
applied to the phenyl pro-on data are based on isotropic averaging
of the dipole=-dipole interactions by the segmental motion. One
could assume that the same segmental motion description occurring
at the phenyl groups also occurs at the formal group since both
¥roups are adjacent in the backbone, It this assumption is made,
some additional motion must be considered to match the observed
formal relaxation times. In the context of the models being
applied, the added motion could be a anisotropic rotation or re-
stricted rotation. For the tormal group, the first guess is rota-

T T TP P T——y

.
«
.
Ll
)
-
{

bl i

MY S S T




TN NMR AND MACROMOLECLLES

tion or restricted rotation about the C-0 axis. This would be a
single backbone contormational transition occurring as an aniso-
tropic motion on top of the segwental motion of say the Weber-
Heltand model deterained from the phenvl proton data. Coumplete
anisotropic rotation about the C~0 bond adequately accounts for
the higher teamperature data, but fails to simulate the lower tem-
perature Jdata by about 40%. A restricted rotation model at lower 5
temperatures is also not able to simulate the observed T)'s though
it comes closer, Adding a rotation or restricted rotation about
the C-0 axis to the three bond jump model is equally unsuccessful
as might be expected since so tar the three bond jump and Weber-
Helfand model have para’led each other.

The next motion considered is rotation or restricted rotation
of the OCH»0 unit about the 0-0 axis of the unit. The initial
logic here was that the larger aromatic groups were slower moving
anchors and the formal group was anisotropically rotating relative
to the two oxygens which were the connections to the more sluggish
phenyl groups. At hirher temperatures, complete anisotropic rota-
tion about the 0-0 axis in addition to a secgmental motion descrip-
tion using the Weber-Helfand model developed from the phenyl pro-
ton data accounted for the formal data but discrepancies of 30%
still remained at lower temperatures. The lower temperature data
could be accounted for by allowing for incomplete anisotropic ro-
tational diffusion abont the 0-u axis in addition to segmental mo-
cion. With complete rotation at higher temperatures and restrict-
ed rotation at lower teaperatures, all tformal proton and carbon-13
data can be simulated within the experimental uncertainty of the
T1's. The anishtropic rotation simulation parameters are reported
in Table IV for the case where segmental motion is characterized
with the weber-ieltand model on the basis of the phenyl proton
data. A suhstitution of the taree bond jump model for the Weber-

Heloand model lerds 09 nearly the same results,

Tanie IV:  Formal roup Simulation Parameters Using the Weber-
Helfand Model(a)

o ¢ Dip 5 10 19 (s7h
0 R6 0.100

20 119 0,110

40) 164 130

Hi} 3n0 t, 100

A0 360 0,100

o 360 0,210

129 360 0.230

1) fie values ot 1 and 1y reported in Table TID are used here
as well as the parameters listed.




SOTARPEY BT AL Sy Relavation and ocal Monon 79

Discussion

As the first point, the dynamics of the phenyl group in the poly-
formal can be considered. Motional descriptions from the two seg-
mental models can be compared as they have been betfore for the
polycarbonates (5). In the three bond jump model the primary
parameter is the harmonic mean correlation time, Tn; and in the
Weber—Heltand model the primary parameter is the correlation time
for cooperative backbone traunsitions, 1), At the lower tempera-
tures studied, Tt plays an increasing role in the Weber-Helfand
model but t] is still the major factor. This is an interesting
point in {tself since cooperative transitions were also found to
predominate when the Weber-Helfand model was applied to the poly-
carbonates. Here in the polytormal, single bond conformational
transitions do play a larger role; and this can be seen in the
three bond jump model as well by the drop of m to 1 at lower tem-
peratures. Since 1] and Ty are both measures of the time scale
tor cooperative motions, {t is interesting to note that the
Arrhenius summaries of the two correlation times in Tables II and
III are very similar. This similarity, taken together with the
domination of cooperative transitions in the interpretations, sup-
ports the utility of both models though the Weber-Helfand model is
developed from a more detailed analysis of chain motion.

One interesting difference between the Weber-Helfand inter-
pretation of the polyformal and the polycarbonates is the relative
apparent activation energies for 1] and 1. For the polycarbo-
nates, the activation energies for 1y and 1| were about the
same (5) as would be expected if the cooperative transitions
occurred sequentially as opposed to simultaneously (15-17). For
the polytormal, the activation energy for the cooperative process
is much higher than for the single transitions which is more in-
dicative of simultaneous cooperative transitions such as a crank-
shatt. Since the single transitions are minor processes in both
the polycarbonates and to a lesser extent in the polyformal,
dwelling or the activation energy diftferences may be risky.

It is worth noting that the description of phenvl group rota-
tion is not significantly intluenced by changinyg descriptions of
sepmental motion. This too supports the utility of both models
and the validity of the general analysis of local motion for phe-
nyl groups as being divided between segmental motion and internal
rotation.

Segymental motion and phenvl group rotation {n the polyformal
can be compared to that of the polvearhonates. Relative to the
analngous Chloral polyearbonate (5), the cooperative segmental mo-
tion in the polvformal is similar in yeneral time scale but has a
significantly higher activation encryv.  Phenyl group rotation in
the polyformal and the polycarhonate are nearly identical. This
sugests phenyl group rotation is a very localized process not
greatly influenced by replacing the carbonate link with a formal
link., On the other hand, it is hard to ifmaygine phenyl group rota-
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tion as a simple process within the bisphenol unit since MNDO cal-
culations (18) indicate a high barrier within this unit.
Anothe?—inturescing point about phenvl group rotation in the
polvformal and polvcarbonates is that it is best modeled in solu-
tion as stochastic diffusion rather than two fold jump (n flips).
In solid BPA polycarbonate, both deuterium (19) and carbon-13 (20)
lineshape analvsis point to two fold jumps or m flips as the prT:
mary process. Calculations by Tonelli (21-22) also point to low
barriers to phenyl group rotation for isolated BPA chains. If the
intramolecular barrier for phenyl group rotation is indeed low as
indicated by the solution studies and the calculations, the change
to a higher barrier (6,18) and n flips in the solid must reflect
intermolecular interactions. This is indeed plausible since the
new conformation following a n flip in the solid requires no
change in the surroundings (no change in free volume) yet the sur-
roundings could provide an appreciable barrier to the transition.
As mentioned, the formal link provides new dynamic informa-
tion relative to the polycarbonates where no detailed analysis of
the carbonate unit is possible. In the interpretation, a rather
complex description is required to account for the formal relaxa-
tion data. According to the interpretation, the formal group un-
dergoes segmental motion as determined at the phenyl group plus
anisotropic rotation about the oxygen-oxygen axis of the formal
proupe. At low temperatures this anisotropic rotation is described
as restricted rotational diftusion., The main question is whether
there is any physical sense to such a picture. Since the segment-
al motion is somewhat cooperative and the phenyl group is adja-
cent, it seems reasonable to assume that this motion extends over
both the phenvl and formal groups. The real question is the an-
isatropic restricted rotation, To pursue this aspect, conforma-
tional enerygy maps of dimethoxymethane were reviewed (23-24). The
lowest contormations are gg' and g'g and this unusual situation
relative to polvethylene chains is commonly called the anomeric
eftect, Each of these conformations has two conformations which
are only 4kJ higher in energy. The tg' and gt conformations are
energetically near the gg' conformation and the tg and g't confor-
mitions are energetically near the g'g conformation, The g'g', gg
and tt states are considerably higher in energy. The most facile
conformational changes from the lowest states could be represented

by

tg' = gg' = gt
(6)
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At lower temperatures where a given formal unit is likely to be
either gg' or pu'g, the tran.itions represented by eq. 6 would re-~
sult in restricted rotational averaging. This would generally
apree with the results obtained from the simulation of the formal
relaxation data trom O to 30 degrees where the angular amplitude
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of restricted rotation, £, ranges from 86 to 164 deyrees. At
higher temperatures populations in states other than gg' or g'g
would become larger allowing for the more common occurrence of
conformational changes other than those listed in eq. 6. This
would result in effectively complete rotation in agreement with
the simulation from 60 to 120 degrees.

These arguments would account for the shift from restricted
rotation to complete anisotropic rotation, but why is the choice
of the oxygen-oxygen axis made? In fact, it can only be a rough
approximation, since the ends of the formal group must move during
these conformational changes., The time scale for the formal group
conformational changes are only somewhat more rapid relative to
the time scale of segmental motion anc phenyl group rotation, so
phenyl groups are only somewhat sluggish with respect to the for-
mal group. A more detailed and accurate model for the formal
group motion could be undertaken but the data in hand do not war-
rant it. The present picture points to single conformational
transitions at the formal group which result in only partial spa-
tial averaying of dipolar interactions at lower temperatures.
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INTRORIUITION
The polycarbonate of bisthenol-A (BifA) exhibits the com=
mercially important gproperty of good 1mpact resistance over a
temperature range more than 2510 below the glass trans:rion
temperature (l1). It 1s believed that the presence of molecu-
lar motions in the glassy state at low temperatures 15 an
important factor in the determination of the origin of this
physical property (7). Recent solid state NMR studies in-
volving carbon~13 chemical shift anisotrepy (CCA) line
shapes (3) and deuterium quadrupolar line shapes (4) have de-
fined the phenyl group motion in BPA. These results indicate
that motion at 120°C takes place about the J1Cy ax1s in the
form of jumps between two minima separated by IRCY (v flips)
in cambination with a restricted angular rotatioun over « 309
around each minimum. These results agree well with predic-
tions made by Williams and Flory based on the spatial config-
urations of the polycarbonate chain (5)

In this report, we extend the aralysis of the CSA line
shape for a phenvl carbon in BFA to determine the termperature
dej endence of the rate and ampliitude of the pheryl group mo-
tion. This knowledqge should help provide a bkasis on which
one can develop a furtrer understanding of the mechanical
progerties.

EXPRRIMENTAL

The sample of bisthenol-A polymer, sinile site carbon-13
enriched {~20%) ortho to the carbonate was synthesized from
enri.ched phenol (2-13C) obtained from KCR 1sotcopes. The
carbon-13 CSA spectra were obtained at 22.436 Mz using Cross
polarization and high power decoupling methads with a Bruker
SXP 20-100 spectrameter. Typical spectra have been presented
elsewhere (3) and will not be repeated 1n this report. Tem-
perature control was maintained to within *2K with a Bruker
B-5T 1C0/70 temperature controller.

INTERPRETATI DN

The principal values of the shielding tensor were deter-
mined previously (3) by simulaticn from a spectra at -160°¢
(oyp = =17, 322 = 52, 7y = 175 ppm on the C3» scale). Two

rproaches can then be utilized to model the molecular motieon
and simulate line shapes at the various temperatures,

First, one can easily sirulate a lire shape 1f the mole-
cular reorientatinn occurs at a rapld rate Ly replacing the
ri41d shieldirg tensor with a tensor averaged over the qgeom-
etry of the motion. The methad involves transterring the
chemi-al shifr tensor in the jrincipal axis system (..,

with “le appropriate matrix (k) o a desired molecular axis S. A:?j Wfil;ams and P.J. Flory, J. Polym. Sci. A-2, 9,
system (g p) where the x axis 15 selected as the axls avout 1)42 fAjra). ) v )
whioh *he rotation takes place: Ty, = et RO Fotgtxon 6. D: Jifg.clgE—Lllansen and H.A. Resing, J. fhys. Chem.,
ab; .+ the x axl1s Ly 4an anjle 1 11ves ‘szfnl = Ryt Ixyzt AN 84, 2204 (1782)
a s:imilar manner. The elements of the JUA tensur for *tli:s 7. M. Menrinag, NMR Basic Princ. Frog., llj 2nd ed. (1983).
and or restricted rotations are hen ocbrained by apprrojriare 8. W. fronskx and N. Murayami, Makromol. Chem., 173, 1521
averaqind and the correspondira lire shape renerated (5) . (1278) and IPQ, 1119 (1979)

If the molecilar motion ocuirs at a fregpiency comarable
to rhe lirewidth, the iine shate may 1.0 lonider te described
by 1 tensor and the above approach will not worx., “me must
use a model which aliows for a molecular recrientation it an
arbitrary rate. We make use NI the e{iatiuns levelored bty
Mehring for a simple two site jump mudel for a JGA line
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shape (6).  In this model, there is a single *ime constant
corresjonding to the average residence time of a particular
si1tv.  To simulate line shapes, one only rneeds to vary this
time constant and the elements for the averadged tensor cor-
res;onding to a restrictesd rotation.

Usiny the interpretation of the geometry of phenyl mo-
tion at 12.9C as a starting joint one can simulate the
terperatyre dependence. From +1209C to approximately 0°C
the flips occur at a rapid rate and one can simulate the CSA

1ne shapes by simply changing the amplitude of the restric-
ted rotaticn,  In the region from -20YC to -60°C one must
also decrease the rate of the = flip process as the line
snaje 1s “nanging from being nearly axially symmetric to a-
symrerric.  The suamp rate as a function of temperature was
estinated Ly comparing the theoretical and experimertal
srectra. An arrhenius plot of these jump rates yields an
ajjarent activation energy of 25+5 kJ/mc. for the flip pro-
cess (Fljure 1}, This nunber should be treated with caution
as 1t 15 determined from a sampling of only a few data
points over a very small frequency ranqe, Fiqure 2 provides
a description of the temperature dependence of the restric-
ted rotation penavior. A plot of the root mean square Jdis-
placement versus ™ shows a qood linear dependence. The
value of the root mean square displacement of +17° at 12.0¢
corresponis to the :30° angular displacement. At -629C, the
root mean sguare displ- zement of +7° corresponds to a :10©
angular displacement.

DISCUSSI

The two site jump model is a simplistic apprcach for
modeling the time dependence of a molecular reorie-.rLavion,
Cften when Jealing with motion in polymer cystems, one must
invoke a distribution of correlation times to account for
experimental Jata. However, the frequency range of the lin
shaje Jdata Joes not warrant such .n approach. However, the
apparent activation energy of the flip process derived from
a single correlation time analysis may be 1n sericus error.

The linear behavior of the root mean square displace-
ment of the restricted rotation versus T? 1s attributed to
a description of the motion as a classical harmonic oscilla-
tor (8). The potent:ial enerqgy is proportional to the square
of the angular displacement, U-4)<. By invoking the virial
theorem, the averaage potential energy can be set equal %o
the averade kinetic energy and is proportional to the tem-
perature, <U>-kKT. Therefore, the mean square angular dis-
placement 1s proportional to the temperature, LCIVERES
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phenylene group. Thus the proposed riotion is consistent with a
large effect produced by phenylene group substitution ortho to
the polycarbonate and lescer eoffect from substitution of the
quaternary carbon ot the  BPA bridge head. fnother structural
nodification, replacement of the carbonate by a formal group
leads to a similar dyramic mechanicenl speotrum13 because the
erucial €O bonds are pracent in both  the carbonate and formal
group though the ceormrtry changces from about 120° to about 109°
bond angles.

Lastly, the suhject of impact resistance is considered. The
polycarbonate of BPA shows good impact resistance over a wide
range of temperatures.31 The diffusion of a conformation in-
valving chain translation and an associated volume defect along

the chain provides a mechanism at a molecular level which could

lead to the rapid Adissipation of a macroscopic  strain. The

dAiffusion alony the chaln te 2 larce volume defect to relleve
strain is also = promiring proposal te reduce larger strains  and
would  lead o the Yars of pool inpact recictance in annealed

samples again Irn agroement witt obocervation,
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motion eould be thought of as 2 rotation about a single backbond
bond with no subsequen! compensating corrclated motion, In this
manner, new directions of hackbhone bonds  are produced yielding
the nearly isotropie =patisl aveoraping observed at the glass
transition, In an annealed sample, the diffurcion process still
takes place but the larser volume defects do not exist and the
glass transition type scegmental motions will nol  occur, The
shoulder thus disappears in agreement with observation13.

The effect of structural modification on the dynamic
mechanical spectrum also point to the key role of the CO bond in
the carbonate unit. Substitution of the bridge group of the BPA
unit has little effect on the 1low temperature loss peak13.
Substitution on the prenylene group at positions ortho to the

carbonate shift the loss peak to higher temperature, For in-

stance, the loas peak of the polycarbonate shown in figure U

1

)

oncurs 200° above the lors ir TPA polycarbonate ~, These ortho

substitutions greatly increase  sterie interactions in  the
vicinity of the cartorate prong; ) would tend to block rotation

both about the CNO ~arhanate hond ani about oo F1C“ axis of the
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12,
th shear loss which 1o physiersdly  reaccnable since the small
cartonate unit changes shape and the larpge BPA unit is moved so
ot o uny o new VA e, Yolume  fuetuations or relative
met it of neichbhorice chiddns have bheen proposed befove16’32 but
rno repeat unit level rechanior wac cuscested.
The amplitude of the bulk lous is reduced by

n
cross-linking.3' Volume  fluctuatlons can be diffused along the

chain by the cis-trans (or trans-cis), trans-trans interchange in

the uncrosa-linted polymer but ~uch volume fluctuation diffusion
would be impeded by cress 1inks leading to the diminished bulk
lozs in these systems,

Tn quenched polycarbonate samples, a low temperature shoul-
der (8 relaxation) to the glass transition peak can be observed
in the dynamic mechanical spectrum13. Larger volume defects may
exist at some places in a quenched =mample; and, with the proposed
model, a localized strain ~culd be diffused down the chain to the
large volume (defect. Mt this defect, scgmental motions com-
parahle to thone of the glass transition could take place to

relieve the strain, Tn thizs context, the plana transitions

F— P Bt i a A Loihn Bl LR e tadmim aia. mfa PPl L




i R B A SR et 3 ey
- B e i A T et a SN S e s et e s a

a small amount as the cis-trins conforrnation diffuses along the
chain which could lead to a larger loss, However, the computer
simulations in polyethylene coriginally leading to the proposal of
correlated segmental rotions shows sueh procens to be close in
time but not scimultancous, The c¢orrelation function for
dielectric loss and the magnitude of the dielectric 1loss  under
these c¢ircumstances 1is not known by the author; though further
consideration of this aspect might be fruitful.

The dynamic mechanical loss would also be significant since
a segmental motion involving two different conformations with
different populations is involved, The carbonate unit changes
shape which should 1lead to a shear loss and the BPA unit is
translated which should lead to a volume fluctuation and bulk
loss, The arguments for a corplex correlation function and an
indeterminate loss amplitude made for dielectric relaxation on
the basis of the nature of correlated motion would also appear to
apply to the mechanical problem as well., Howecver, both a shear
and bulk loss are reported31 and they occur at approximately the

same frequency. The amplitude of Lhe bulk loss iz larger than
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fact and may not change drastically with temperature., Further

examination of the carboniate CSA line shape right be fruitful but

would involve locating the principal axes for both the trans-

trans and cis-~trans conformation:s,

Pllute solution MMR relaxation data also show an apparent
coupling or cooperativity between phenylene gronp rotation and

29
segmental motion,“

The solution data also indicate a
preference for correlated cegmental motions over a rotation about
a single backbone bond?9 though both processes occur,

Dielectric loss would be substantial according to the model
and linked to NMR data as is observed. The magnitude of the loss

should be large since it involves both a partial reorientation of

the carbonate group and a change fron trans-trans to cis-trans

(or trans-cis) conformation which could well have different

dipole moments. Mn the otter lLant, the overall motion is an

interchange of dipole proments »sascciated with the carbonate

units, If the interchange were sirultsreous, only 2 small leoss

would appear likely since the carbonates and the BPA units are

only slightly reorifented. Many repeat unlts could be reoriented
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intramolecular and intermolecular in origin. The ©m flips would
appear to be geometrically sirple but In freguency the motion
would appear complex cince 1t 1s coupled to a segmental type of
motion which diffuses along the chain. Thus, the geometric
restrictions determined by proton, deuterium, carbon-13 CSA and
carbon-13 dipolar line shapes and the broad T1 and T1p relaxation
minima21 are consistent with the proposed motion.

The most severe test of the model could have come from the

carbon-13 anisotropy line chapes of the carbonate

tselfzo. Unfortunately the spectra are not decisive in either

supporting or rejecting the model. As mentioned, the line shape
is not strongly temperature dependent and the principal shielding
axes are not well located., A further complication arises from

the fact that the model proposes an interchange from a cis-trans

(or trans-cis) to a trans-trans conformatioral which would imply

that the observed 1line shape would actually be composed of two

superimpoced though probably 3similar shielding tensors 1line

shapes. Since the trans-trans conformation is assumed to

predominate, the carbonatce CSA tensor would largely reflect this
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tion function, An assumption of the model proposced here is that

the life times of the states before and after the correlated

motion composed of two rotations about CC bonds is long compared

to the times between the two rotations, All of these motions are

discussed in terms of isolnted chains but the nature of the glass

also strongly influences the correl ition function,

RELATIONSHIPS OF THE MODEL TO RELAXATIOMN DATA

The model can uve compared to NMR data first since these
results place the greatest restrictions on proposed motions. To
begin with, the model is consistent with the preservation of the
proton dipolar Pake doublet.16 The phenylene group undergoes

flips about the C Cu axis and translation but only about a 10o or

1

less reorientation of the C CN axis corresponding to the virtual

1

backbone bond, It 1is important that the CO rotation axis is

nearly parallel to the C1CH axis for there to be little C1Cu axis

reorientation.21

The model includes ™ flips am a mnmotion coupled to the

isomerization of the carbonate unit., This coupling could be both
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the left side of BPA units,

The motion proposed is a segmental motion but 1limited ir

nature, The BFA units are not significantly though slightly

reoriented in space and weculd not be reoriented in the model
4
until the glass transitiona is reached. The carbonate unit is j
o
reorienting but not isotropically and again isotropic rotational )
reorientation does not take place until the glass transition is
J
'1
reached. Single, uncorreclated backbone rotations producing '

conformational changes are the type of motion which would produce
isotropic averaging and would be anticipated at the glass transi-

tion temperature, Tg.

In time, the proposed motion 1s complex, If bond directions

of an individual carbonate unit are followed 1in an isolated

chain, they would have a correlation function similar to that

proposed by Helfand for correlated motion, the Bessel function of *

order zero., llowever, a compensating reorientation of a nearby

carbonate unit occurs soon after the first reorientation. Thus

the correlation function for dielectriec loess under these c¢ir-

cumstances would be more compley than the bond direction correla-

S ; N




The virtue of the proposed .urrelated conformational change

is that the chain ends do not have to translate, In this par-
ticular example in the polycarbonates, the bisphenol A (BPA) unit
of the polymer 1s not significantly reorlented except for a flip
of a phenylene group about the C1Cu axis. The one BPA unit
between the two carbonates which interchange conformation is

translated and slightly reoriented. This translation of a BPA

unit can diffuse along the chain as the cis-trans or trans-cis

unit migrates down the backbone; and this migration is typical of

a diffusional motion along the backbone of the chain.

Note that there is only one type of motion in the sense that

a cis-trans interchange with a trans-trans must be energetically

equivalent with a trans-cis interchange with a trans-

trangs. However, the intramolecular coupling of one of these

symmetry related motions 1is proposed to affect only the one of

phenylene groups in a BPA unit. The other phenylene ring 1in a

BPA unit i3 coupled to the othker interchange. Referring to

Figure 3, a trans-cis to trans-trans interchange flips rings on

the right =side of BPA units while a cin-trans to trans-trans

R
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mational interchange.

The exchange of the cis-trans (or trans-cis) and trans-trans

conformations is simi}ar to the correlated conformational changes
seen by Helfand23-76 in computer simulations of polyethylene
chains, In the glassy solid the exchange of the conformations is
likely to be more nearly correlated relative to dilute solution
reflecting stronger intermolecular interactions. This would
lead to barrier heights from one to two times the CO bond rota-

tion energy depending on the degree of correlation; though in the

computer simulations of polyethylene, the barrier heights were

found to be near one bond rotation energy. This CO bond is
found to have a low barrier.21'27'28 about 10 kJ, according to
21,28

several theoretical calculations The whole potencial
surface for polycarbonates for bond rotation consists of
similarly low barrier327 so compensating small distortions could
aid the proposed conformational change; and, in addition, the
high degree of motion in polycarbonate glass provides a more

liquid 1like environment for a conformational change relative to

most glassy polymers,
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picture or model is qualitative thougn quantitatively consistent

with geometric data from NMR line shape studies and leads to a

mechanism for both a sizeable dielectric and mechanical 1loss.

The model is relatively simple and is displayed in figure

3, The polycarbonate chain in the glass is composed of largely

trang-trans units with respect to the carbonate group with an

occasional c¢is-trans or trans-cis unit. The fundamental motion

is the exchange of a cis-trans (or trans-cis) conformation of the

carbonate with a trans-trans conformation of a neighboring car-
bonate. This exchange is produced by rotation about one of the
CO bonds in each of two carbonate groups, As rotation about the
CO carbonate group occurs the phenylene group attached to the
other side of the same carbonate group flips about its C1Cu axis.

The C1CN axis and the CO carbonate bond direction on the other
side of the carbonate group are nearly though not exactly

parallel. Intermolecular coupling in the bulk polymer as well

as intramolecular coupling could link the -~ flips to the confor-
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shape changed little with temperature and the spatial orientation
of the principal axes of the shielding tensor are not well-known
for this group. The large dielectric loss can only be associated
with motion of the carbonate group so it is quite wunusual that
the anisotropy study does not reflect the motion.

Both deuterium and carbon-13 dipolar line shape data are

8’19. The spectra indicate

also available for the nethyl gr'oups1
methyl group rotation and possibly some small amount of backbone
oscillation but no other major reorientation.

Relaxation maps have been prepared showing that proton spin
relaxation, NMR line shape collapse, dielectric loss and dynamic
mechanical loss are all at least phenomenologically related in
time ﬁ2. Since the only clearly defined motion is = flips,
legitimate questions have becen raiscd 4 to how exchange of a
symmetric group between  two  cquivalent minima co'®  produce a
large mechanical loas. Also motion of the ghenylene group will
not account for dielectric relaxation,

It 1s the purpose of thic report to propose a model which

can dr: various relaxation studies to o common picture., The
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persistence of a dipolar splitting between adjacent phenylene
protons up to the glass transition. This implied that the vir-
tual bond corresponding to the phenylene group could not be re-
orientating in cpace. It did allow for either translation of the
phenylene group or reorientation of thc¢ phenylene group about the
C1CM axis. This conclusion was later confirmed for the polycar-
bonate in figure 1 through observations on a partially deuterated
f‘orm.17

Subsequent attention centered on the phenylene group and
three solid state HNMR experiments were performed to further
determine the gecometry of motion. The first report came from
deuterium NMR18 which soncluded that the phenylene group was
undergoing i« flips. Because the deuterium quadrupolar interaction
{s axially symmetric, some rocm for doubt remained. However, a
carbon-13 carbon chift anisotiopy study confirmed the 7w flip

conclusion while eliminating other possibilities17; and a carbon-

13 rotational dipolar study also came to the 7 flip conclusion19.

A carbon-13 chemical shift anisotropy line shape study has

also been made on the carbonate oarbongo. However, the line
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The local chain dynamics of glassy polycarbonate has in-

{

trigued many investigators over the past twenty-five
years, Traditional experiments probing dielectric relaxation1_
13

and dynamic mechanical relaxatione- below the glass transition

indicated large scale motion with very broad loss peaks at low

temperatures (the gamma relaxation). These experiments were not

suitable for defining the specific geometry of the motions in

}C
polycarbonate (figure 1) though certain implications from studies
7,8,13 .
L of a variety of structural analogs did provide useful
€
[ information in developing proposals for motions, Wide-line NMR
)
i 14,15 s
. studies also observe relaxation effects below the glass
le
g
: transition; but the lack of structural specificity produced only
general conclusions comparable to the dielectric and dynamic
e

mechanical work.,

) Recently, more sophisticated solid state NMR 1line shape

Ot

studies have provided some very detailed geometric information,
The first definitive line shape result16 was obtained on a struc-
tural analog of BPA polycarbonate which contained only phenylene

protons (figure 2). .he proton spectrum showed the undiminished
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CONCLUSTON

Polycarbonate is 1 special system with generally low confor-
mational barriers to reotation, The geometry cof the carbonate
unit allows for & procens in which the large component of the
repeat unit, TPA, is not apprecinhly reoriented while the small
carbonate unit 1is coriented. This 1s a partial segmental
reorientation short of the isotropiec scgmental notion associated
with glass transition. The nodel proposed here i1s quantitatively
consistent with the geometric requirements of the NMR  data, It
is qualitatively consistent with the presence of significant
dielectric and dynamic mechanical loss., It is also qualitatively
consistent with broad loss peaks cr relaxation minima since it 1is
assoclated with a relatively complex motion: diffusion of a
conformation along the chain  baekbone  in a glassy solid. It
couples the = flips Lo this nmore complex  conformational change
in agreement with relaxatlion maps:z1 though the flips are not
the key motion contributing to the nechanical and dielectric

properties, The modn] invelves a process which could lead to

long range disaipation of strajn thoupgh it atarts with a specific
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local chain motion.

The data in hand do not absolutely lead to the motional
model proposed here thoush they arc consistent with it, The
leading alternative motion:’ model would Yo oscillation of  the
BPA unit and the carborate unit, Certainly such oscillation
exists. The phenylene group data displays this motion in addi-
tion to flips and Henrichszo favors oscillation as the best
explanation of the carbonate CSA data. However, it is hard for
this author to =sce how an oscillation of the order of 120o at
room temperature can lead to the larce mechanical and dielectric
losses observed in BPA polycarhonate. A jump between two dif-
ferent states with unequal populations scparated by a barrier
seems a more plausibile mechanism for large losses.

The role of intermnlecular couplings versus intramolecular
coupling in the proposed motion is not entirely clear. Certain
motions can be arrmued to bhe unlikely based on intermolecular
interactions. For instarze, rotation of the two rings and
bridgehead as a unit about the oxygen-oxygen axis is unlikely

because it would sweep out a large volume thus involving sig-

HY-
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nificant intermol<cular interacrtions in  the bulk. The motion

proposed here reorints only the small carbonate group ac opposed

to the whole PPA unit. The phenylene group rotion of = flips

involves no net reorjentation and requires a much omaller fluc-

tuation in the surroundings. The BPA unit !=s translated as a

whole in the proposed motion which corresponds to a very specific

motion which may lead to experimentally testable

consequences, The separation of the relative role of in-

tramolecular and intermolecular interactions in the coupling

of = flips to the cis-trans (or trans-cis) to trans-trans inter-

change 1s unresolved. The ™ flips are proposed to be coupled by
both factors but the relative importance 1is not easily
assessed, In any case, it 1s hoped that the act of proposing
this model will 1lead to new quantitati?e teats which can dis-

criminate more decicively among possible models.
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Figure 1:

Figure 2:

Figure 3:
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The Chloral Polycarbonate Repeat Unit:

An Analogue of BPA Polycarbonate.

The RPA Polycarbonate Repeat Unit,

BPA Polycarbonate Chains.

The :<rbonate CO bonds with asterisks

indicate points of bond rotation., The

phenylene rings undergoing flips in asso-

ciation with the CO bond rotations are

nunbered. The correlated conformational

change from the top chalin to the lower

chain involves two neighboring carbonate

groups and is produced by the CO rotations

which interchange the trans-trans and

trans-cis conformations. Note that the

cholce of a trang-cis unit in the figure

is arbitrary. If a ¢is-trans unit were

used the other phenylene rings would be

flipped so over 2 period of time all rings

DA AR A i gl

. NPT ATNE. R

L. T

N




T Iy——— g ———— . a4 . T S T T——— ———

24,

could be flipped as the cis-trans and

trans-cis conformations diffuse along

the chain. Conventional bond angles of

109O are used for all backbone bonds

except the carbonate bond which are set at

L Aa

bl

(o]

120 These choices lead to an 11°

change in the C1CM axls of the phenylene

)
*

groups in the BPA unit between the carbonate
units undergoing conformational change, If .
¥
o)
the bond angle suggested by Flory and Williams33 ]
are employed, the C1Cu reorientation of the .;
-
o]

phenylene group is less than 110.

]
)
\
Figure U: A Substituted Polycarbonate Repeat Unit, ‘?
°
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[(.8)= ,duP( ) I w,u) (13)
where P(s) = (1/47) and d« = sinudbdy. (A computer program which generates
CSA line shapes on the busis of this model can be found in the Ph.D. thesis of
Wemmer.25)

In this approach, only a single correlatfon time is used to describe the
flipping process. Starting with the 0°C line shape, we must decreasé the rate
of the mflip process with decreasing temperature as the line shape {s chang-~
ing in this reglon from belng axially symmetric in shape to asymmetric. For
most of this temperature reglon, the amplitude of the restricted rotation does
not significantly alter the line shape and thus only the rate of the w flips
controls the resultant line shape. However, the amplitude of the restricted
rotation 1s estimated by extrapolation from the high temperature region. The
n flip rate as a function cf temperature {s determined by comparing the the-
oretical and experimental spectra, A summary of line shape comparisons is
contained 1n Fligure 3 and the simulations are good with thz possible exception
of 0°C. At this temperature both the n flips and the restricted oscillation
make comparable contributions to the line narrowing. When two motlional pro-
cesses induce roughly equivalent narrowing, difficulties iu line shape simula-

tion are encountered since neither can bhe assumed to be {asi or dominant with

respect to the other.25

The results of these simulatfons are summarized as tollows. An Arrhenlus
analysis of the single correlation times ylields an apparent activation energy
of 11tSkJ/mnl for the flip process, as shown In Figure 4, 7Thig nusher should

be treated with caution as it {s determined from a sampling of only a few data

polnts over a very small frequency ravge, Figure 5 1is a plot of the root mean
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arbitrary rate. We make use of the exchange model for a CSA line shape as
described by Mehring?? and Wemmer.25
The line shape equation for a multisite exchange where cach site can
exchange with any other site is given hy
() =(L/N) L/ (L=KL))
where (1D

L= (10 = wp) = (1/Tp)+8K] 71

= gpin-spin relaxation time
K =11= exchange or flipping rate
N = number of sites
W = frequency of site j
wj = %g0+(033-0is0) [P2(cosu)P2(cosu)+(3/4)sin2usin2rcos2(9+y)
~-3sinycosvusingcosdecos(p+y)]
+((011-022)/2) [sin2bcosb 5c0s (2(p+y+a) ) +sin2usinipBeos (2(p+y=-a))
+sinbcos bsin 3i(cos B+ 1)cos (p+y+2a)+(cosB~1)cos{g+Y+2a)}
+P2(cosU)sin2dcos(2u)]
and Py 1s the Legendre Polynomial. The Euler angles of the flipping axls with
respect to the principal axis system of the tensor are (u, 3, y) and the Euler
angles of the magnetic field with respect to the molecular frame containing
the flipping axls as the z-axis are (3, ).
In NMR, the real part of g(w) 1s termed the line shape I(w).
[(w) = Re 1)) (12)
This equation has been developed tor a particolar orientation of the molecular
frame with respect to the magnetfc field, For an isotr.pic powder sample, one

has to average over all orfentations
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10
place about the C|C4 axis ia the form of jumps between two minima separated by
180° (n flips) in comblnation with a restricted rotation over 230° around each
minimum. It should be noted here that there was a small ppm referencing prob-
lem in the earller CSA study that was corrected here when ifnterpreting the
temperature dependence of the other CSA line shapes. The basic conclusions
are the same although in the final modeling the restricted rotation occurs
over a greater range, =36°, than previously reported for +120°C. The oscilla-
tion 1{s modeled as a restricted diffusion over an angular range using the
square well potential,

Employing the interpretation of the geometry of the phenylene motlion at
+120°C as a starting polnt, one can simulate the temperatuve dependence of the
changing CSA line shapes., From 412N to +20°C, the m flips are in the 1imit of
rapid motion as the line shapes can bhe described by a tensor and thus this
molecular motion can still be modeled rather easily through the use of Euler
transformation matrices and the appropriate angular welighting functions. In
this temperature region, the line shapes are all of the same general shape as
observed at +120°C, although the v} and 033 components of the averaged tensor
move to make the spectra slightly broader 4s temperature dJ2creases. One can
simulate this line shape behavior, first, by assuming the  flips are occuring
at a rapid rate and, second, by simply decreasing the ampl:itude of the re-
stricted rotation with temperature.

If the molecular motion occurs at a frequency comparible to the spectral
width the line shape miy no longer be described by the above approach. For
the spectra from 0 to -100°C, me can no longer assume that the n flips are

occurring at a rapld rate and thus one must use a model wiich allows for an

A St e it "t e S s AAn - A DT it Mol Rt e s 0 e
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The method of averaging depends on the potential runction chosen to
describe how the molecule is allowed to spend time between the end points of
its oscillations. For example, if one assumes a square well potential then

one may calculate each teasor element of <uyy,> as follows

+.A'/J 4“1.'/2
Coxgalin > u’ = Tt rs K ey (L)) R awfs i)y awr o 9

The resultant matrix {oyy,>,'" may then be diagonalized to obtailn three
new average values, 0]}, upy and oyq which correspond Lo the averaged tensor.

The characterlstic Iine shape miy then be caleoulated with the equatton23

+o
I(u;011, Y22, 733, 60) = [ 1 (g - 4; 011, 922, 933)E(E; A0)dE

For v33 < v < 022
10003071, 992,033) = o~ IK(x)(u]=0)~0:5(02p~032)70.5
x = (o)) = 0p2)(0 - 033)/[(up = 033)(0y| = 9)]
For vz < v < aq) (10)
10Cu;0)1,972,033) = 77 IR(x)(0=033) 70+ 3(u=0,7) =05
x = ()] = 0)(opp - v33)/ (0 = 033)(0)) =~ vp2)]
For o < gy, and ¢ > 033
1905011, 022,933)=0 -
And
K(x) = JS/Z (1-x% sint) lav
o= (5,00) = 1/(1 + (26/30)2)
where f describes the Lorentzian line broadening of the chemical shift disper-
sion, 10 and the carbon chemical shifts increase toward lower fields. 1In the
earlier communication, we reported on comparisons of varicus line shapes gen-

erated on this basis with the high temperature line shape, It was found that

the most probable motional model sugpested that the phenylene motion takes

o,
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An appropriate orlentation of the molecular motion axis frame places the

x-axis parallel to the C;C4 axls of the phenylene group so

cos§ -siné 0
R(8)= sind cos 0 (4)
0 0 1
with §=60° for the labelled carbon of interest. The shielding tensor i{n the

molecular motlon axls system O%yz is then pgiven by

Sxyz=R(8)u a3 R(0)7]

One can now model the cffect on the shielding of differenL motlions of the
phenylene group about the C1C4 axlis. For instance, rotating the molecule
Y]

about the x-axis by angle u' {s defined by

_gxyz(u')=£(u')'_gxyz 'B‘(\l')-l

where (6)
1 0 0
R(u")= 0 cosu' -sina’
0 sina' cosa' .

For rapid flipping of the phenylene group between two angular positiomns,
separated by an angle u', the motionally averaged shielding tensor, Of 11 p»
is given by

éflip=(1/2)(2xyz + Oxyz(u')) . (7)
Another possible type of molecular reorientation that we may consider is
rapld phenylene group rotation about the x-axls through all angular positions
or through a limited angular range. We can model this type of motion by
averaging over U in equation 6.

< 2xy2>u'=<£(“')'2XYZ'B(“')_1>u' (8)
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-160°C spectrum. At this temperature we can assume that the molecular re-

orientation occurs at a rapid rate, where rapid means the correlation time is

much shorter than the inverse of the spectral width invoived. Thus we can

calculate line shapes very simply by replacing the rigid shielding tensor with

a tensor averaged over the geometry ol the motion through the use of Fuler

e a AP e AW U e a B

transformation matrices and the appropriate angular welghting functions as

outlined by Slotfeldt-Ellingsen and I{esingz4 and Wemmer et al.29,26

¥ GUSCSLNEN

In this calculation one begins with the shielding tensor, 8123, In the

principal axils system

0] 0 0

_J

2123 = |0 u22 0 (1)

'

0 0 U133 .
To consider the effects of molecular motion the shielding tensor is trans-
formed to the axis system of molecular motlon by use of an Euler transforma-

tion matrix R. The orientation of the new frame with respect to a previous

one is defined by a set of Euler angles, © = a, p, y. [t a positive rotation

‘als AR L L s s AR

is to be applied to a frame (x,y,z) about the Euler angles (a, 8, Y), then
5(u;§{)=1&2vr(y)ﬁyv(8)_&z(d) (2)
where a is a rotation about the original z axis, 8 i{s about the new y axls,

and Y is about the final z axis. The product of the threc rotation matrices

leads to
COS UCOS BCOS ¥ sinucospcosy ~sinpcosy
-sinusiny +cosusiny
R (uBy) = ~cosacospsiny =sinucospsiny  sinpsiny (3)
= -sinucosy +COS4COS ¥
cosasin,, sinusins Cos .
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benzene,22 is oriented with the o)) axis parallel to the C-U bond and the 33

axis perpendicular to the ring plane. The v22 axis is in the ring plane,
perpendicular to the C-H bond. In the previous communtcatlon,14 the principal
values of the shielding tensor were calculated by matching theoretical spectra
generated on the basis of the Bloembergen-Rowland equation523 with the ex-
perimental spectra at -160°C. A reasonably good fit betwcen calculated and
observed spectra is found by using op=17%1, 0pp=5221, and v33=175Z1 ppm on
the CS2 scale and a lorentzian line broadening of 320 Hz. 1In simulating upj,
v, and v33, we assume that the frequency of all molecular reorientations is
small compared to (ujj-u33) at -160°C. This is a good ascumption as even at
~140°C and -120°C the spectra can be simulated with thesc values; and thus we
have met the "rigld lattice™ condition., These principal vialues correspond to
an lsotropic chemical shift of 70:z3 ppm, which compares w~1l with the observed
chemical shift In solution of 72,5 ppm.

With the onset of motion, the chemical shift tensor will be averaged
depending on the character of the geometry and rate of rco-ientation. If the
nucleus under examination was undergoing fast, random reocvientation then the
chemical shift tensor would be reduced to just its isotroplc value, as 1s
evident for a rapidly tumbling molecule in solution. For a restricted re-
orientation or a slowly reorienting molecule, only a part cf the chemical
shift dispersion will be averaged out and the spectrum will change accord-
ingly. Having defined the principal values of the shielding tensor and
possessing knowledge of thelr orientation in the molecular frame, possible
motions for the phenylene group were modeled in an attempt to simulate the

highest temperature spectra at +120°C. The line shape at this temperature is

narrower and closer to an axially symmetric line shape whcn compared to the
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All NMR measurements were made with a Bruker SXP 20-100 spectrometer.

Temperature control was maintained to within f2K with a Bruker B-ST 100/700

temperature controller.

RESULTS

The temperature dependence of the changing CSA line shape is shown in
Figure 1.

For the proton spln-lattice relaxation data at 90 MHz, the decay of the
magnetization at all temperatures follows a simple exponential dependence with
delay time, 1. The spin-lattice relaxation time, T}, is easily calculated
from a linear least squares analysis of In(A - A ) vs. 1, where the A's are

-
signal amplitudes and Tt is the delay time. The u;certainty in a given T,
value is *]0%.

The proton T}, data is characterized from a linear least squares analysis
of In A vs. T, where A is still the signal amplitude but T is now the length
of the locking pulse. The deviations from simple exponential decay are small
and not indicative of a dispersion of relaxatlon times so a fit of the whole
curve to a single exponential decay is employed. Simllar behavior was pre-
viously reported for the proton Tlp decay curves of the chloral polycarbonate.

The error in a given T, value is +154 and both Ty and T|, data are summarized

as a function of temperature in Figure 2.

[NTERPRETATION

CSA Tensor Line Shapes
The carbon-13 labelled polvcarbonate allows one to study the chemical
shift anisotropy line shape of this phenylene carbon. The nrincipal axis

system for the chemical shift tensor of aromatic carbons, as reported for
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EXPERIMENTAL

The polycarbonate of bisphenol-A, single site carbon-13 enriched (>90%)
on one of the two phenylene carbons ortho to the carbonate was synthesized
from enriched phenol (2-carbon-13) obtained from KOR Isotcpes, Inc. The
methyl deuterated aunalogue of the blsphenol-A polycarbonate was obtained from
standard synthetic techniques.21 The methyl groups were {ound to be 97%
deuterated as determined from proton and deuterfium spectra of the dissolved
polymer.

The carbon CSA spectra were obtained for a dried powcered sample using
cross polarization followed by high power proton decoupling at a carbon fre-
quency of 22,636 MHz and a proton frequency of 89.995 MHz. Rotating fields
of about 1,0 =T for protons and 4,0 mT for carhbon were uscea with a contact
time of 3 ms. Several hundred free induction decays wer: averaged at each
temperature before Fourler transformation to glve the aksorotion spectra.
Line shapes recorded without cross polarization were found to be experi-

mentally indistinguishable. To obtain a standard reference for the line

shapes at each temperature, the first moment was numerica:ly calculated for

each spectrum and assigned the value of 72.5 ppm on the CS, scale, which 1s

the isotroplc shift found for this phenylene carbon in solution.

Proton spin-lattice relaxation times for a dried powdored samples of
BPA-dg were measured at the Larmor frequency of 90 Miz. The 1/2 pulse width
>‘ was 2 us; and a standard n-1-n/2 pulse sequence was used with a cycle time

{ greater than 5 times Tj. Proton spin-lattice relaxation times in the rotating
frame were measured at a radlo frequency field streagth of 1.0 mT using a

' standard n/2-phase shifted locking pulse sequence.

| R S I T T U I S I . NPy SR R



30-40° about the same axis. In this report, the previous CSA line shape

analysis for a sample of carbon-13 labelled BPA, where 90, of one of the two
phenylene carbons ortho to the carbunate are isotoplcalily enriched, is
extended over the temperature range of -=160°C to +120°C in an attempt to
characterize the rate and amplitude of tue phenylene grovp motion as a
function of temperature,

On its own, su~h a study sufters trom the limited trequency dependence
of the changing chemical shift anlsotropy dispersion., To circumvent this
problem, proton spin-lattice relaxation tlmes, Ty's, at the Larmor frequency
of 90 MHz and spin-lattice relaxation times {n the rotating trame, T),'s, are
measured for a methyl deuterated analogue of BPA (BPA-dy) so that a more
thorough analysis of the time scales and energetics of the phenylene motion
may be obtained. These latter studles parallel an earlier proton analysis of
the chloral polycarbonatela in which a quantitative interpretation of the
phenylene proton relaxation data was oftered based on a homogeneous correla-
tion function !0 for motional modultation of the dipole-dipcle interaction., The
greatest interpretational success was obtained by using a {ractional exponen-
tial correlation function which has been developed on the basis of correlated
state excitations in condensed matter by Nga117”19 and empirically by Williams
and Watts.20 As with the chloral polycarbonate, it the NMR relaxation data
for BPA-dg can be successfully quar’ified with the correlation function, then
the temperature dependent spectral densities obtained from the spin relaxation
studies can be used tn predict the tempevature and trequency of the d mamic

mechanical responsc,
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INTRODUCT ION

Over the past few decades there huas been considerable Interest in using
NMR to define and quantify the motional processes which oc:ur {n bulk polymers
below the glass transition temperature, Tg.lrz At temperatures greater than

T a polymer chain may undertake a wide variety of motions; however below Tg

g
many of these become modified, in particular the long-range motions. Polymers
frequently reveal secondary transitions which are thought to arise from spe-
cific types of local motfon still present In the glass.

One group of polymers in particular, the polycarbonatc of bhisphenol-A
(BPA) and its structurally related analogues, has received much attention.
This intense interest is fueled by the fact that BPA exhilt ts good fmpact
resistance over a temperature range more than 250°C below the glass transition
temperature (Tg ~ MS"C).3 Dynamic mechanical and dieleciric spectroscopy
studies at 1 Hz reveal that BPA has an especially prominent secondary transi-
tion peak at approximately -100°C.4=7 1t can be noted that nearly all glassy
polymers which exhibit high impact strength have promineni secondary transi-
tions, thus arguing for some relationship between the bulli mechanical proper-

ties and the extensive, rapid motion in the glass.8

Recently there has bheen significant structural and dyramical information
developed on the polycarbonates from wr. 271 particulrr, the geometry of
the phenylene group reorlentation in BPA in the limit of rapid motion in the
bulk below Ty has been characterized through the use of dcucerium,l3 chemical
shift anisotropy (CSA),14 and dipolar rotational spin-echu carbon-13 line

shapes.lS The basic conclusion reached by all is that thc principal motion

of the phenylene groups may be characterized as n flips sbout the CiC4 axis

{n combination with a small restricted angular osctllation of approximately




ABSTRACT

Carbon-13 chemical shift anisotropy (CSA) line shapes and proton relaxa-
tion data are used to establish the time sciale and amplitudes of phenylene
group motions 1n glassy polvcarbonite as a tuanction ol temperatures  The
phenylene group undergoves both . flips and restricted rotation. The rate of @
flips and the amplitude of restricted rotation are determined from simulating
the carbon-13 CSA line shapes. Using a simple exponential correlation func-
tion, an activation enerpy of 11x5kJ/mol ts found tor the « flip rate. The
root mean square anguliar amplitude varles linearly with temperature to the
one-half power. The »n flip rate is found to lie on the sam2 line on a relaxa-
tion map as the proton relaxation minima, dielectric loss mexima and dynamic
mechanical loss maxima. Analysis of the relaxation map gives an apparent
activation energy of 48:5kJ/mol. The discrepancy between the two activation
energles arises from the limited frequency range and simple correlation funec-
tion employed in the CSA analysis. A Williams-Watts-Ngal tractional exponen-
tial correlation function with Arrhenius parameters set from the relaxation
map can account for the breadth and position of the proton relaxation minima

and the dynamlc mechanical loss peak.
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13
square displacement versus the square root of temperature which provides a

summarization of the temperature dependence of the oscillatton.

Relaxation Data
The iimited frequency rangs of the chanuing CSA dispersion does not war-
rant a more complex Interpretation of the time dependence ~° the phenylene
group motfon by itself. As mentioned in the Introduction, proton spin-lattice
relaxation measurements carried out 1n both the Zeeman frane and the rotating
frame will be used to characterlize the rate dependence of the phenylene motion
in a simflar manner as was done for the chloral polycar?,onate.l1 Both T; and
T]p can be quantitatively simulated as a function of temparature with a given
correlation function and the assocfated spectral density. The standard Ty and
T] p expressions are used L1
1/Ty = (2/3)v25[J (wy) + 43,(2wy) ]
(14)
/Typ = (2/3)¥2S[1.50g(2wa) + 2.5T1(wy) + J2( 2w ]
where w, = yyHpsr and S is the motionally modulated componient of the second
moment. The applicability of these equations and this approach has been pre-
sented for chloral polycarbonate and the current situation is quite similar.
Glven the previous success of the fractional exponential correlation
function in modeling the relaxation behavior of the chlov:i polycarbonate, it
is again chosen to sfmulate the BPA-dg data. The correlatton function can be

expressed in the Ngal formalism!/=19 as

In
o(t) = 9(Oexp[-(t/7p) ] (15)

where 0<n<1 and

1/(1=n)
p = [(Tn)exp(MEN 1] (16)

W Y =

-
. 9.
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14
where 1, = '2$XP(EA/RT)’ the microscoplc correlation time, E, the bath cutoff
energy and y = 1.577 Euler's constant., The parameters T and Ep fix the
microscopic dynamics and energetics of the fundamental process in the absence
of correlated state coupling. The parameters n and E. determine the width of
the frequency dispersion and the renormalized time scale due to medium
effects. For n # 0, Tp = TZFXP(E:/RT) where E* is the apparent activation

A
energy, given by E¥ = E /(1l=n) and the apparent preexponeitial is given by
A A

® n 1/(1l-=)
T = [(1l=n)exp(ny)E 1 } .

>4 C 0

The actual parameters varied to fit expertmental dati are E:, ™ and n.
P
In order to get a handle on the values of Et and r: tor the BPA-dg relaxation
data, a relaxation map, log v, vs. T'l, WHS‘COHSEFUCCed. [te temperature
positions of T) and Ty, minima cach can be assigned an appropriate correlation
frequency as outlined by McCall.! e can also assoclate a correlation fre-
quency with the CSA line shape col'apse, The average {recguency difference
between the two sltes corresponding to the two positions of the phenylene
group is ov = 700 Hz where the average {s over all orientations. The cor-
relation frequency in Hertz that corresponds to the collapse of this can bhe
estimated?’ from Ve = 0v and the associated temperature can be obtained
2T

from the plot of m flip rate versus Inverse temperature in Figure 4, Further-
more, one can also justify adding frequency polnts corresponding to the tem-
peratures of the maxima in dynamic mechanical®? and dlelectric relaxation26-28
data as found in the literature. First, the previous work with the chloral

polycarbonate indicated a good correlation batween the dynaric mechanical

loss peak at low temperature and the phenylene proton NMR data. Second, it

- T
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has long been argued that an apparent coupling or cooperativity exlsts between

phenylene group motion and motion iInvolving the carbonate s evidenced by both

dilute solution!® and solid state experiments.5 7 4 plut of the log v. vs.

c
T~! containing the varfous experimental results is presented in Figure 6. A

*

linear least squares analysis of this data allows for a determination of E
A

= 48 kJ/wol from the slope and t*
o]

= 1.06 x 107165 from the intercept.

The T, and T| data can then be simulated by simply varying n and S,
gliven the E: and 1 from the relaxation map. The best fit as shown in Fig.
2 was obtained with n = .82 and $ = 1.8 x 1072 mT2. These values of the model
parameters are physically reasonable. The activation energy of the fundamen-
tal process, EA, (obtained from the Ngal formalism in the absence of correlated
state coupling) which has been identified as m flips of the phenylene rings,
is 8.6 kJ/mol; and can be compared to the dilute solution value of 13 kJ/mol
for phenylene rotation obtained in an earlier solution scudy.3! The solution
activation energy should be slightly higher thaan Ep since even in a 10 wtZ%
solution the surroundings will affect the fundamental proress. The magnitude
of n indicates that in the bulk glass the phenylene motion is strougly
affected by the medium. The apparent activation energy in the glass is
substantially higher, 48 kJ/mol. The value of S, the proton‘second moment,
used in equation 14 should correspond to the motionally modulated component
of the second moment. This motionally modulated dipole-dipole iateraction
corresponds to part of the intermolecular dipole-dipole coniributions since
the predominant motion causing modulation is phenylene ring motion about the

C1Ca axis which does not revrient the larygest Intramolecular dipole-dipole

interaction. The second moment is not glven an explicit (eomperature depen-
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dence except through the spectral density as indicated by 2quation (14). A
detai led proton line shape has not been carried out here but preliminary re-
sults indicate the second moment behavior parallels the eirlier chleral poly-
carbonate study.l0 The amount of motionally modulated secend moment employed

here is consistent with the experimental value of 1.5tC.4 » 10-2 pT2 gbhserved

at the highest temperature of that study.

To further probe the success of this moleculiar modeling, the position and
shape of the dynamic mechanical loss peak located at about -100°C at 1 Hz, the

gamma peak as measured by Yee,% was analyzed. The mechanical loss GY(w)loss,

is given by the following equation

2 @
c (w)loss = Suy(0) 2 ] sin(wt)¢'(t)dt (17)
Y kT 0

where ¢'(t) is the derivative of the correlation function. One sees in Figure

7 that much of the shape and temperature dependence is well simulated without

further parameter adjustment of E*, ™ , or n. The magnitude of the calcu-
oo

A
lated loss peak is controlled by <GY(0)> which 1s adjusted to match the data.

DISCUSSION

Carbon~13 chemical shift anisotropy line shape analysis serves to defin-
itively charactertize the geometry of phenylene group motion as a combination
of m flips and restricted rotation., The uw flip rate is found to lie on a re-
laxation map containing proton T) and T|, minima, dielectric loss maxima and
dynamic mechanical loss maxima. This combination of such a broad sampling of
frequency results in a more accurate time scale and activation energy analy-
sis. A single exponentfal correlation function, as was used in the simple two

site jump model for the temperature dependence of the CSA line shapes, 1s in-
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adequate for the simulation of the Ty, T}, and dynamic mechanical loss data.

It follows that the activation energy from a single correlation time analysis
may be in serious error.

This phenomenological link in time hetween the various relaxation experl-
ments can be quantitatively summarized in terms of a fractional exponential
correlation function. This function reasonably approximates the shape and
position of the T) and Tjp, minima versus temperatures as well as the tempera-
ture position and breadth of the dynamic mechanical loss peak. Such a connec-
tion between the relaxatlion experiments argue for a common underlying dynamic
process which produces NMR, dielectric and mechanical relaxation.

There are, however, some questions ralsed by this conclusion. Jumps of
the phenylene group between symmetric minima are unlikely to produce a large
mechanical loss® and certatnly will not produce a dielectric loss. A recent
proposal32 suggests that the common mction leading to the several relaxation
effects 1s a correlated interchange33 of carbonate group conformations. A
cis-trans carbonate conformation is interchanged with a trans-trans carbonate
conformation by rotations about backbone CU bonds. This motion reorients
carbonate groups which could lead to dielectric and shear loss. The BPA unit
between the two carbonates interchanging conformations is translated but not
significantly reoriented. The 7n flips are tied to this correlated backbone

motion by intramolecular and intermolecular interactions which places the n
flips on a relax tion map in common with dielectric and dynamic mechanical
loss peaks. While this prouposed motion cannot be completely verified; it is

however, consistent with the observed relaxation phenomena.

T - - NI TR I SO TP, SO
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The fractional exponential used to summarize the relaxation phenomena is

cast in the Ngail form and yields realistic values for the .pparent activated
energy E: and the microscopic activation energy Ep. This aspect assumes the
fractional exponential correlation function 1s homogencous though this is not
required to simulate the relaxation minima and loss maximr, Dilute solution
studies yleld comparable values of Ep for both phenylene group rotation and
correlated segmental motion which also appear to be liaked in the dissolved
polymer.la Comparably low values for rotational barriers in BPA polycarbonate
have been noted in theoretical calculations.’435 These generally low
barriers may be the key to the presence of such extensive dynamic freedom in
the glass as has been proposed by Tonelli 34 though only solid state NMR line
shape data has provided the basis to discriminate between various possible
motions. Since virtually all intramolecular rotational bzrcriers are low in
polycarbonate and yet only certaln reorientations are obscrved, intermolecular
interactions must determine the nature of the motlon in the glass. 1t is
known that the BPA unit does not reorient oxcept for w flips and restricted
osclillation and this can be attributed to the difficulty of rotating such a
large group in the glass. The proposed conformational interchange does not
reorient the BPA unit though the smaller carbonate unit is reoriented. Again
a conformational interchange is proposed so long range chain end rotation or
translation is not required. A carbon-13 CSA line shape study has also been
carried out on the carbonate unit.30 [Little line shape change is noted here
which 1s difficult to reconcile with the presence of a large dielectric loss
peak. However, the proposed conformational interchange invclves a polycarbon-

ate chain where most units are trans-trans and a smaller number of units are

PRty |
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cis—trans. Thus the carbonate unit would predominantly reflect the trans-

trans CSA tensor and orientation. However, the conformaticnal Interchange

leads to diffusion of the cis-trans conformation so all units can undergo re-
orientation though the time scale is complex.

The temperature dependence of the oscillation of the phenylene group
about the CjC4 axis is also interesting. The rms amplitude is apparently
linear versus temperature to the one-half power which is to be expected for a
harmonic potential. However, the amplitude also ought to go to zero at a
temperature of absolute zero for a harmonic potential. The simulation does
not yleld this result and the significance of the behavior shown in Figure 5

will be the subject of a subsequent paper.
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Figure 2:

Figure 3

Figure 4:

Flgure 5
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Figure 6:
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FIGURE CAPTIONS

Carbon—-13 CSA line shapes at several temperatures.

Proton spin-lattice relaxation times and proton spin-lattice
relaxation times In the rotating frame versus ifuverse temperature.
The solid line corresponds to a fit of the relaxation data with a
Williams-Watts-Ngai fractional exponential correlation function.
The lines are simulations of the carbon-13 CSA line shapes at
several temperatures while the polnts are line shape data taken
from Figure 1.

The logarithm of the flip rate versus inverse towmperature. The
flip rate is determined from simulation of the carbon-13 CSA line
shape.

Root mean square amplitude of restricted phenylene group rotation
about the C|C4 axis versus temperature to the one-half power. The
rms amplitude is determined from simulating the carbon~13 CSA line
shapes. The open circles are determined at tewperatures where the
oscillation is the primary source of narrowing and x's are esti-
mates made at temperatures where the flips are the primary source
of narrowing.

Log frequency versus inverse temperdture or relaxation mape. The
highest frequency NHMR point is the 90mHz proton T| minimum. The
next highest frequency NMR point is the 43kHz T; minimum. The low-
est frequency NMR point is the position of maxiwmum collapse of the

carbon-13 chemical shift anisotropy line shape. The open circles

are maxima of dlelectric loss curves taken at ditferent frequen-
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23
cles. The positions of all points have an uncertainty of the order
of 10 degrees because of the breadth of the loss peaks and relaxa-
tion minima.
Dynamic mechanical spectrum. The dashed line {s the simulation

employing the Willfams-Watts-Ngai fractional exponential with the

parameters set from the relaxatlion map.
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